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We consider vacuum polarization from massless scalar electrodynamics in de Sitter inflation. The
theory exhibits a 3+1 dimensional analogue of the Schwinger mechanism in which a photon mass
is dynamically generated. The mechanism is generic for light scalar fields that couple minimally to
gravity. The non-vanishing of the photon mass during inflation may result in magnetic fields on
cosmological scales.
PACS numbers: 98.80.Cq, 98.80.Hw, 04.62.+v
1. Introduction. The mass of the photon has been
under scrutiny from the early days of quantum mechan-
ics [1], and this has resulted in stringent limits. The
best laboratory bounds of mγ <∼ 10−46g ≈ 10−14 eV are
derived from measurements of potential deviations from
the Coulomb law [2]. The most precise direct bounds
are based on measurements of Earth’s magnetic field [3]
and the Pioneer-10 measurements of Jupiter’s magnetic
field [4] and yield mγ <∼ 10−15 eV. For a review of other
methods and limits, see [5].
Although there is little direct evidence about the pho-
ton mass before the time of matter-radiation decoupling,
it is usually assumed to have been equally small on the
basis of current (approximately flat space) data, the con-
formal invariance of classical electromagnetism, and the
deduction that the geometry of the early universe was
conformally flat to a high degree. It is well known,
however, that quantum electrodynamic (QED) correc-
tions break conformal invariance in curved space [6, 7].
This may induce important effects in the early uni-
verse [8, 9, 10].
The problem of full nonlocal vacuum polarization in-
duced by matter loops in curved spacetimes has so far
not been considered. That is precisely the subject of this
work. We show that, in a locally-de-Sitter inflationary
spacetime and in the presence of a light, minimally cou-
pled, charged scalar field, the polarization of the vacuum
induces a photon mass at the one-loop level. The effect is
caused by the coupling of the gauge field to infrared scalar
modes that generically undergo superadiabatic amplifi-
cation on superhorizon scales. This represents a novel
mechanism by which gauge fields can become massive; it
is analogous to the Schwinger mechanism [11], according
to which the photon of 1+1 dimensional QED acquires
a mass mγ = e/
√
π. The photon vacuum polarization
calculated here incorporates this and other known effects
[8, 10] on the photon dynamics in scalar QED.
The cosmological relevance of our findings stems from
recent work [12, 13], where it was argued that a dynam-
ically generated gauge-field mass in inflation may result
in the generation of large-scale magnetic fields, which
could seed the galactic dynamo and thus offer an ex-
planation for the micro-Gauss-strength galactic magnetic
fields observed today [14]. An analogous effect arises in
a more conventional Higgs mechanism realised in infla-
tion [15]. The resulting magnetic field spectrum is of the
form Bℓ ∝ ℓ−1, where ℓ is the correlation length. This
can be sufficiently strong to seed the galactic dynamo
mechanism [16] in flat universes with a dark-energy com-
ponent [17]. For reviews of other mechanisms that may
generate large-scale magnetic fields, see [8, 9, 18].
The authors of Refs. [12, 13] have used a mean-field
approximation to model the backreaction of superhorizon
scalar fields on gauge fields. Their analysis indicates that
the photon acquires a mass in inflation. In this Letter, we
calculate the gauge-invariant photon self-energy at the
one-loop level, from which we obtain the photon mass.
Our perturbative result is in agreement with that of the
mean-field analysis in [12, 13].
2. The model. Consider scalar electrodynamics in de
Sitter inflation with the Lagrangean
LφED=−1
4
√−ggµρgνσFµνFρσ−
√−ggµν(Dµφ)†Dνφ, (1)
where Dµ = ∂µ+ ieAµ is the covariant derivative, Fµν =
∂µAν − ∂νAµ is the gauge field strength, gµν = a2ηµν is
2a conformally flat metric and g = det[gµν ] = −a2D. Our
calculation was performed in D spacetime dimensions us-
ing dimensional regularization [19]. However, with only
two minor modifications it can be understood by working
in D = 4.
We require that the scalar field be light in compari-
son to the Hubble parameter H , mφ ≪ H ∼ 1013 GeV,
so that scalar-field perturbations may grow during in-
flation. The current experimental bounds on the mass
of a charged scalar particle mφ >∼ MEW ∼ 102 GeV can
be amply satisfied. The obvious candidates for φ are the
charged Higgs particles and the supersymmetric partners
of the Standard-Model leptons and quarks.
The scalar propagator i∆(x, x′)=〈Ω|T [φ†(x)φ(x′)]|Ω〉,
where |Ω〉 denotes the Bunch-Davies vacuum, satisfies for
D = 4 the equation
∂µ
(
a2∂µi∆(x, x
′)
)
= iδ4(x− x′), (2)
where the raising of indices is from now on defined as
∂µ ≡ ηµν∂µ. In the de Sitter spacetime, where the scale
factor is given by a = −1/Hη, H denotes the Hubble
parameter and η denotes conformal time, one can show
that the solution of (2) reads [20]
i∆(x, x′) =
H2
4π2
(
ηη′
∆x2
− 1
2
ln(H2∆x2)
)
, (3)
where ∆x2 ≡ −(|η − η′| − iǫ)2 + |~x − ~x ′|2. Our metric
convention is ηµν = diag[−1, 1, 1, 1] and xµ = (x0, ~x),
x0 ≡ η, ∂µ = (∂0, ∂x, ∂y, ∂z).
On the other hand, the propagation of free photons in
de Sitter inflation is governed, on the classical level, by
the flat-space Maxwell equations, ∂νFνµ = 0.
3. Photon self-energy. Consider now the photon self-
energy, which acquires one-loop level contributions from
the diagrams shown in Fig. 1 and can be written as
i[µΠν ](x, x′) = −2ie2aa′i∆(x, x′) ηµνδ4(x− x′)
+ 2e2ηµρηνσ
(
∂ρ[aa
′i∆(x′, x)]∂′σ[aa
′i∆(x, x′)]
− [aa′i∆(x′, x)]∂ρ∂′σ[aa′i∆(x, x′)]
)
, (4)
where ∂ρ ≡ ∂/∂xρ, ∂′σ ≡ ∂/∂x′σ, a = a(η), a′ = a(η′),
we used the symmetry i∆(x, x′) = i∆(x′, x) of (3) and
neglected for the moment the contribution from the coun-
terterm in Fig. 1.
After some algebra, the one-loop self-energy [µΠν ] can
be recast in the form
i[µΠν ](x, x′) = ηµρηνσ
(
ηρσ∂
′ · ∂ − ∂′ρ∂σ
)
iΠ(1)(x, x′)
+ ηµiηνj
(
ηij∂
′
l∂l − ∂′i∂j
)
iΠ(2)(x, x′), (5)
∆e
∆
+
ee
∆
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+
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FIG. 1: The one-loop diagrams contributing to the photon
self-energy.
where
iΠ(1)(x, x′)=
e2
8π4
[
1
6∆x4
− 1
ηη′
(
1
∆x2
+
ln(H2∆x2)
2∆x2
)]
(6)
iΠ(2)(x, x′)=
e2
8π4
1
η2η′2
[
1
2
ln(H2∆x2)+
1
8
ln2(H2∆x2)
]
.
(7)
The first term in (6) is the standard Minkowski vacuum
contribution. This term is singular in the (ultraviolet)
coincident limit x → x′, while the other terms originate
from the nonconformal coupling of scalar fields to grav-
ity in the de Sitter background and are completely inte-
grable. The ultraviolet problems are resolved by using
dimensional regularization, that is by calculating in D
spacetime dimensions and, subsequently, by renormaliz-
ing the self-energy. The result of this rather technical
analysis, which we present in [19], is that iΠ(1) → iΠ(1)ren ,
where
iΠ(1)ren(x, x
′) = i δΠanom(x, x
′) +
e2
8π4
[
∂′ · ∂ ln(µ
2∆x2)
24∆x2
+
1
ηη′
∂′ · ∂
(
1
16
ln2(H2∆x2) +
1
8
ln(H2∆x2)
)]
, (8)
and iΠ
(2)
ren = iΠ(2) remains unchanged. Here, µ is the
renormalization scale and
i δΠanom(x, x
′) = −i αe
6π
ln(a) δ4(x− x′) (9)
[with αe = e
2/4π] is a local, anomalous contribution
resulting from an imperfect cancellation in expanding
backgrounds between the local term and counterterm in
Fig. 1.
Upon combining the classical action S0 with the
anomaly contribution δSanom, we get
S0 + δSanom = −1
2
∫
d4xd4x′Aµ(x)
{
(ηµν∂′ · ∂ − ∂µ′∂ν)
×
[(
1 +
αe
6π
ln
( a
a0
))
δ4(x− x′)
]}
Aν(x
′). (10)
This is the scalar electrodynamics equivalent of the Dol-
gov anomaly [7, 21]. Since the anomalous contribution
to the effective action is proportional to ln a, we in-
fer that the anomaly affects the photon dynamics quite
3mildly [8, 21] when compared with the effect of the pho-
ton mass, which contributes as ∝ a2 and hence is para-
metrically much larger.
The transverse structure of the vacuum polariza-
tion (5) implies that the Ward identities ∂µ[
µΠν ] = 0 =
∂′ν [
µΠν ] are obeyed, so that gauge invariance remains un-
broken. The structure of our result (5)-(8) is very similar
to that of thermal QED [22], which may have something
to do with regarding inflationary particle production as
Hawking radiation. The spacetime generalization of the
standard thermal transverse and ‘longitudinal’ projectors
are
PµνT =η
µiηνi
(
δij− ∂
′
i∂j
∂′l∂l
)
, PµνL =η
µν− ∂
µ′∂ν
∂′ · ∂ −P
µν
T , (11)
while the transverse and ‘longitudinal’ polarizations are
Πt(x, x
′) = ∂′ · ∂Π(1)ren(x, x′) +∇′ · ∇Π(2)ren(x, x′) ,
Πl(x, x
′) = ∂′ · ∂Π(1)ren(x, x′). (12)
However, this analogy has its limitations. The absence
of time-translation invariance in our case makes it non-
trivial to extract local physical quantities such as the
photon mass or dissipative rate. This is nevertheless
possible. Below, we perform a perturbative analysis and
show how one can extract a local photon mass from the
self-energy (5)-(8).
4. Photon mass. In order to study the effects of the
photon self-energy (5)-(8) on the photon propagation, we
make use of the Schwinger-Keldysh formalism [23, 24]
and write the photon field equation of motion as follows:
∂νF
νµ +
∫
d4x′[µΠrνren](x, x
′)Aν(x
′) = 0, (13)
where [µΠrνren](x, x
′) ≡ [µΠν++](x, x′) + [µΠν+−](x, x′) de-
fines the retarded photon self-energy in terms of the Feyn-
man [µΠν++] and Wightman [
µΠν+−] self-energies so that
the photon propagation is manifestly causal. The tensors
[µΠν++] and [
µΠν+−] are obtained from (5)-(8) by making
the replacements ∆x2 → ∆x2++ = −(|η − η′| − iǫ)2 +
|~x− ~x′|2 and ∆x2 → ∆x2+− = −(η− η′+ iǫ)2+ |~x− ~x′|2,
respectively [19, 24].
Since the vacuum polarization is only known to one
loop order we solve Eq. (13) perturbatively, expanding
the photon wave function as
Aµ = A
(0)
µ +A
(1)
µ + . . . . (14)
Here A
(1)
µ = O(e2) is the one-loop amplitude, A(0)µ =
εµ e
ik·x (with k0 = ±|~k|) is the plane-wave solution to the
free Maxwell equation, and εµ is the (transverse) photon
polarization vector, which in Lorentz gauge satisfies ε0 =
0, ~ε · ~k = 0. The one-loop contribution to Eq. (13) then
reads(
ηµν∂2−∂µ∂ν
)
A(1)ν (x)+
∫
d 4x′ [µΠrνren](x, x
′)A(0)ν (x
′) = 0.
(15)
We are primarily interested in photons that are sub-
horizon (k ≫ H) at the initial time η0 = −H−1, and
then become superhorizon at some later time η, kphys =
k/a(η) ≪ H , as illustrated in Fig. 2. Upon inserting
equations (5), (7) and (8) into (15), we obtain the fol-
lowing approximate equation for the gauge field [19](
ηµν∂2 − ∂µ∂ν
)
A(1)ν − a2m2γ ηµνA(0)ν = 0, (16)
When evaluated at the leading logarithmic order in k/H
and Ha/k, the photon mass-squared is
m2γ =
e2H2
2π2
ln
k
H
. (17)
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FIG. 2: Evolution of the physical scales in de Sitter inflation.
In what follows we shall discuss the origin and the
physical relevance of this result. Note first that we have
calculated only the leading logarithmic contribution to
the photon mass. This will be a good approximation for
modes which satisfy ln(k/H)≫ 1. The mass (17) corre-
sponds to that of space-like transverse excitations, so it
is associated with the transverse polarization Πt in (12).
Even though the scalar excitations produced by an in-
flationary universe are not thermal, one commonly de-
fines the ’Hawking temperature’ TH = H/2π. In terms
of this temperature the photon mass-squared (17) is
m2γ = 2e
2T 2H ln(k/H). The logarithmic enhancement is
a consequence of the nonthermal nature of the spectrum
of charged scalar excitations.
The mathematics of our photon mass generation mech-
anism bears an interesting resemblance to that of the
Schwinger model [11] in which the photon acquires a mass
m2γ = e
2/π. In flat, two dimensional, scalar QED the
charged field propagators are logarithmic, which results
in the vacuum polarization failing to vanish on shell. The
scalar propagator goes like 1/∆x2 in 3+1 dimensional
flat space, and the photon stays massless. In de Sitter
background the scalar propagator has a logarithmic tail
which is responsible for our mass generation effect. The
two extra spatial dimensions are compensated, in the in-
tegration, by two factors of 1/η′, and the net result is
quite similar to Schwinger’s.
We now relate the photon mass (17) to the Hartree-
approximation result (m2γ)Hartree = 2e
2〈Ω|φ†φ|Ω〉 con-
sidered in [13]. The Hartree mass arises from the local
4contribution to the vacuum polarization (4), represented
by the first diagram in Fig. 1, and can be estimated by
taking the coincident limit of the propagator (3),
〈Ω|φ†(x)φ(x)|Ω〉finite ≈ (H2/4π2) ln a , (18)
where we subtracted the initial (vacuum) contribution
at η = η0 [with a(η0) = 1]. The Hartree mass exactly
agrees with our result (17) if one makes the reasonable
assumption that a mode with comoving wave number
k freezes in at a(η) = k/H , when the mode’s physical
wavelength redshifts beyond the causal horizon.
On the other hand, it is premature to claim more than
that the field equation (16) is consistent with the pres-
ence of a photon mass. The actual vacuum polarization
is nonlocal and, moreover, our perturbative result (17)
for the mass arises from a genuinely nonlocal contribu-
tion [19], since the local term that gives the Hartree mass
is exactly canceled by a term from the nonlocal diagram
in Fig. 1. To prove that superhorizon modes approach
the behavior of a massive photon would require gain-
ing control over higher loop corrections and then solv-
ing the integral-differential equation (13). We expect
that higher loops induce corrections at most of the or-
der of αe ln(k/H) relative to the one-loop perturbative
result (17). If this conjecture is confirmed, the one-loop
equation (13) would suffice to study the photon field dy-
namics in inflation, provided that αe ln(k/H)≪ 1 is sat-
isfied. A detailed investigation of this question will be
the subject of future work.
In order to investigate potentially observable effects
of a dynamically generated photon mass in inflation, it
would be necessary to solve the dynamical equation for
the photon in inflation and match it onto solutions for the
radiation and matter eras. The result may be the genera-
tion of cosmological magnetic fields that seed the galactic
dynamo mechanism [13]. However, in order to perform
a reliable analysis of photon propagation in inflation, a
more detailed analysis of the photon field equation (13)
is required. We postpone this analysis for a later publi-
cation.
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